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Abstract: Although mesoporous metals have been synthesized
by electrochemical methods, the possible compositions have
been limited to noble metals (e.g., palladium, platinum, gold)
and their alloys. Herein we describe the first fabrication of
continuously mesoporous Cu films using polymeric micelles as
soft templates to control the growth of Cu under sophisticated
electrochemical conditions. Uniformly sized mesopores are
evenly distributed over the entire film, and the pore walls are
composed of highly crystalized Cu.
Creating extended metallic 3D architectures is important
because such kind of well-patterned networks improves
material utilization efficiency and catalytic activity.[1] The
nanoscale structure of metals have been manipulated through
various physical and synthetic routes. For example, top down
nanofabrication can generate precisely defined structures
down to the nanometer level, but making complex 3D
structures is challenging.[2] Likewise, free-standing metal
nanoparticles can be assembled into large-scale superstruc-
tures, but the process tends to be rather slow.[3] Especially,
mesoporous metals have sparked great interest due to their
large surface areas and uniformly-sized pores, opening up
a wide range of applications.[4] Growing metals in sacrificial
templates has been extensively studied by developing new
kinds of hard and soft templates that can guide the deposition
of metals and then be removed to reveal the mesoporous
metallic structures.[4b,c,5] The lyotropic liquid crystal (LLC)
method[6] has been designed to work in combination of
electrochemical processes, and has been further extended for
the synthesis of various mesoporous metals. To our knowl-
edge, however, the compositions of mesoporous/nanoporous
metals have been mostly limited in noble metals, such as Pt,[7]
Au,[8] Pd,[9] and their mixtures,[10] despite the diversity of the
morphologies and the wide range of usage. To extend the
utility of the mesoporous materials and make them ubiqui-
tous, we must focus on non-noble metals that are far more
Earth abundant than noble metals. The preparation of porous
non-noble metals, however, is still very challenging because of
their low reduction potentials, high susceptibility upon
exposure to solution and air, and uncontrollable deposition
behaviors.[11]
Copper (Cu) is a good candidate for mesoporous synthesis
because it is a relatively abundant metal and has been well
known to exhibit size-dependent properties in various appli-
cation fields (e.g., sensing, conductivity, anti-bacteria, selec-
tive conversion of CO2 into fuels).
[12] In particular, the high
surface area and fast diffusion through the porous network
makes these surfaces ideal for sensing applications. For
example, a good non-enzymatic glucose-detection perfor-
mance has been realized by using a Cu-foam-based sensor
because of the unimpeded mobility of glucose and its reaction
products offered by the robust hierarchical porous architec-
tures.[13] Synthesis of such kind of Cu foams relied on evolved
hydrogen bubbles as templates, exclusively resulting in
micron-sized pores.[14] We hypothesize that introducing uni-
formly spaced, nanometer-sized pores in Cu will greatly
improve its sensing capability because of increased surface
area and more uniform network for the diffusion of analytes.
Nevertheless, it has been extremely difficult to create
uniformly mesoporous Cu in part because Cu has a strong
preference even at small length scales, favoring polyhedral
particles and wires instead of extended networks.[12a,15]
Herein we describe the synthesis of continuously meso-
porous Cu films using block copolymers as soft templates. An
external reducing potential was applied to guide the growth of
Cu, ultimately forming a diaphanous slab of mesoporous Cu
(Scheme 1). The pore walls of these films are highly
crystalline throughout the film—from the bottom to the top
surface. Finally, we show that these mesoporous Cu films can
efficiently and selectively detect glucose, even in actual serum
samples.
In a typical preparation, 10 mg of polystyrene-b-poly-
(oxyethylene) (PS63000-b-PEO26000, abbreviated as PS-b-PEO)
was dissolved in 3 mL of tetrahydrofuran (THF) at 50 8C, then
1.5 mL of ethanol was added to the solution. After the
solution was thoroughly mixed, 1 mL of aqueous CuSO4
(80 mm) was added, resulting in the formation of spherical
micelles. To increase the ionic conductivity of the electrolyte,
2.5 mL of H2SO4 (500 mm) was added slowly to this mixture.
Gentle stirring for 5 h ensured that the dissolved Cu species
were well incorporated in the exterior PEO region of the
micelles, resulting in a transparent light-green colored
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solution that was used for electrodeposition (see Supporting
Information for additional details).
Using this solution as the electrolyte, the mesoporous Cu
films were electrodeposited on a conductive Au-coated
Si(Au-Si) wafer at a constant voltage of @0.4 V at room
temperature and without stirring (see Supporting Information
for additional details on the electrochemistry setup). The PS-
b-PEO was completely removed by ultraviolet ozone treat-
ment. Scanning electron microscopy (SEM) micrographs
show that the top side of the film is composed of uniformly
distributed mesopores (Figure 1 a,b and Figure S1). The
entire area of the film is homogenous and free of any defects
such as perforations or bumps. According to SEM, the
average pore size is about 48 nm, with a wall thickness of
approximately 65 nm (Figure 1b and Figure S1). Longer
deposition times led to thicker films. But surprisingly no
variation in the size and uniformity of the pores regardless of
thickness was observed. This approach shows a fairly high
repeatability in the porous constructions no matter the
variations of the electrolyte batches, making it a robust
method for large-area mesoporous coating, perhaps extend-
ing to meter length scales (Figure S2).
A cross-sectional specimen sampled from the resulting
mesoporous Cu film was further investigated by using trans-
mission electron microscopy (TEM). Even in the earliest
stages of deposition, the mesoporous structures formed on the
Au-Si substrate (Figure 1e and Figure S3a). High-resolution
TEM (HRTEM) images show that the Cu frameworks are
highly crystalline without any amorphous domains, and clear
lattice fringes extended unabridged from bottom to top of the
film (Figure 1c and Figure S3b–c). The lattice fringes with
a constant d spacing of 0.21 nm can be well ascribed to the
(111) lattice planes of face-centered cubic (fcc) Cu crystals
(Figure 1d). The crystallinity of the obtained Cu film was then
studied by wide-angle X-ray diffraction (XRD) carried out in
in-plane mode with various incident angles, which is sensitive
to the lattice planes that are perpendicular to the film surface.
With an incident angle in the range of 0.5–1.58, the (220)
diffraction peak ascribed to Cu fcc crystal is clearly observed,
although a tiny intensity of other diffraction planes are
observed (Figure S4). A deeper scanning to the Cu films at
a higher incident angle (> 5.08) showed the diffraction peaks
from the Au substrate. Thus, the in-plane XRD data shows the
Cu crystals have a preferential orientation according to the
(110) plane vertical to the substrate. In the case of one-
dimensional (1D) Cu nanowires, previous reports have
demonstrated a crystal growth along the h110i direction.[16]
The polymeric micelles play the central role in the
fabrication of uniform mesoporous Cu films. Therefore, an
investigation to the micellization process was conducted. In
pure THF, the diblock copolymer, PS-b-PEO, is completely
dissolved to be a clear solution without any micelles or
aggregates (Figure 2a-i). The addition of ethanol and aqueous
solution (CuSO4 and H2SO4) led to a cloudy solution
indicating the polymeric micelles, which was further evi-
denced by the Tyndall effect in the electrolyte (Figure 2a-ii).
It should be noted that the addition of CuSO4, caused the
Scheme 1. a) Schematic illustration for the preparation process, and
b) the typical SEM image of the mesoporous Cu film.
Figure 1. a),b) SEM images of the top-surface of the mesoporous Cu
films. c),d) Cross-sectional HRTEM images of the mesoporous Cu
films. The pores are indicated by circles in panel (c). e) Low-magnifica-
tion TEM image of the cross-section of the mesoporous Cu film.
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micelles to aggregate slightly (Figure 2b,c and Figure S5) and
decrease in diameter (from 36 nm to 28 nm; Figure S5). These
observations indicate that the CuSO4 stimulated the inter-
action between the micelles.[5b]
Retaining the micelle structure during Cu deposition,
which depends on the interaction between the micelles and
the metal precursors, was vital to the templating of uniform
mesopores. To understand the formation mechanism of
mesoporous Cu, ultraviolet-visible-near infrared (UV/Vis-
NIR) absorption measurements were carried out for the
electrolyte solutions under our working conditions (Fig-
ure 2d). Cu2+ ions are readily complexed with water and the
peak at around 800 nm corresponds to a d–d transition of
[Cu(H2O)6]
2+ ion (Figure 2d).[17] The other bands in the UV
region of the spectrum originate from various moieties of the
surfactants, such as the benzene rings of the phenyl group of
the surfactant. Cu2+ ions in an octahedral field display a single
d–d transition from a 2Eg ground state to a
2T2g excited state.
[17]
The tail on the low energy site is due to Jahn–Teller
distortion.[17] Although it is difficult to predict whether the
coordination sphere is water molecule interacting with the
ethylene oxide moiety of the micelles through hydrogen
bonding or surfactant oxygen of the ethylene oxide units, the
dissolved Cu species should be 2+ charged. The d–d band
completely disappears upon electrochemical reduction pro-
cess.
In the micelle solution, it is likely that the CuSO4
dissolved as [Cu(H2O)6]
2+ and SO4
2@ ions and interact with
the ethylene oxide shell domains of the micelles.[18] We
consider that the Cu ions can be, in the solution, as free ions as
well as in the hydrophilic domains of the micelles. The
micelles with Cu species could be neutral, negatively or
positively charged depending on the Cu2+/SO4
2@ ratios in the
micelles. Since reduction takes place at the cathode, the Cu2+
rich micelles (overall positively charged ones) and free
[Cu(H2O)6]
2+ ions can be selectively directed to the cathode
surface, where the Cu2+ ions are reduced to the metallic
copper. The above formation mechanism satisfactorily
explains the formation of mesopores in our self-assembly-
reduction process.
The following chemical equilibrium [Eq. (1)] summarizes
the assembly process, where “M” stands for micelle, (aq)
species are free ions, and (n@m) can be negative or positive
depending on the Cu2+/SO4
2@ ratios.
CuSO4 þ PS-b-PEOþH2O!
½CuðH2OÞ6A2þðaqÞ þ SO42@ðaqÞ þ ½Mð½CuðH2OÞ6A2þÞnðSO42@ÞmA2ðn@mÞþ
ð1Þ
The addition of H2SO4 takes a substantial role in obtaining
continuous mesoporous Cu films. In the absence of H2SO4,
only isolated Cu nanoparticles are confirmed on the substrate
(Figure S6). By gradual increase the concentration of H2SO4,
the porous structures of the continuous Cu film become
apparent. Further optimization of the technique led us to
settle on a H2SO4 concentration of 156.25 mm (Figure S7).
Our method is distinctly different from previous reports that
use H2SO4 to create H2 bubbles that direct the formation of
large-sized pores in the films.[14, 19] In our method, H2SO4 has
two essential effects: 1) the addition of H2SO4 solution can
prevent a formation of hydroxides of Cu precursors,[20] which
can be well supported by the transparent solution with H2SO4
solution (Figure 2a-ii), while, in the absence of H2SO4, some
precipitates are formed at the bottom of the electrolyte
(Figure 2a-iii); and 2) H2SO4 increases the ionic conductivity
of the electrolyte, favoring a high deposition rate of Cu and
the formation of continuous films. When the used acids were
changed to other types, the quality of mesoporous structures
was decreased (Figure S8).
The impact of H2SO4 on ionic conductivity can be
observed in the electrodeposition traces before and after
addition of acid (Figure S9a). Without H2SO4, the cyclic
voltammetric (CV) curves show a very small and linear
current response, suggesting the huge resistance of the
electrolyte. Upon addition of H2SO4 solution, the CV curve
showed two reduction processes that correspond to: Cu2+!
Cu+ and Cu+!Cu0 (Figure S9a). According to the Pourbaix
diagram, direct reduction of Cu2+ to Cu0 is possible by
Figure 2. a) Optical micrographs demonstrating the emergence of the
Tyndall effect in the electrolyte solution with different compositions: a-
i) PS-b-PEO dissolved in THF, a-ii) PS-b-PEO +CuSO4 + H2SO4, and a-
iii) PS-b-PEO + CuSO4. Typical TEM images of the polymeric micelles
b) before and c) after the addition of CuSO4 precursor. The samples
are stained with 1.0 wt% phosphotungstic acid to highlight the
micelles. d) UV/Vis-NIR spectra of different solutions: i) PS-b-PEO
micelles+ CuSO4 + H2SO4, ii) CuSO4, iii) H2SO4, and iv) PS-b-PEO
micelles, respectively. (Note: to highlight the interactions among
different compositions, UV/Vis-NIR spectra of low- and high- wave-
lengths were obtained at different composition concentrations: low
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manipulating the reduction potential at such an acidic
condition in the present study.[21] This excludes the possibility
for the formation of other Cu phases (e.g., Cu2O). Addition-
ally, the charge transfer resistance was further investigated at
two different electrolytes. Without any doubt, the charge
transfer resistance decreases dramatically upon the addition
of H2SO4 (Figure S9b,c). We believe that this is the key to
preparing continuous Cu films with high reproducibility.
The reduction rate of Cu species is also extremely
important for the final mesoporous structures.[6a, 8a, 22] Electro-
chemical deposition enables the precise regulation of the
crystal growth manner of the Cu walls that form around the
micelles. Variations in the structure of the mesopores could be
observed by using different constant potentials between
@300 mV and @700 mV (Figure S10). From the top surface
structures of the obtained films, it is obvious that the
mesoporous structures are greatly changed, and optimized
at particular potentials (i.e., @300 mV and @400 mV). A high
reduction rate of Cu at relatively low potentials (e.g.,
@600 mV and @700 mV in the present work), affords
extremely large sized Cu crystals at the initial stage, which
then grow rapidly to exceed the size of the hydrophilic volume
of the micelles, thus leading to films with inadequate porous
structures (Figure S10d,e).[6a,9b]
The films with good mesoporous structures, that were
prepared at three different potentials (i.e., @300 mV,
@400 mV and @500 mV), were studied by cyclic voltammetry
to sign light on how the accessible surface area depends on the
applied constant potentials. The mesoporous Cu film pre-
pared at @400 mV had the highest current density compared
to other films (Figure S11), indicating that the great advant-
age of perfect mesoporous structures. A high deposition
potential (@300 mV) resulted in a relatively slow reduction
speed, and small nanocrystals are obtained on the surface of
the films, as shown in the inset of Figure S11a. The formation
of small nanocrystals caused by the slow deposition rate
finally decreased the surface area of the porous film.
Non-enzymatic glucose sensors based on nanostructured
Cu have been intensively studied owing to the material’s good
conductivity, low cost, and superior performance. As a result
of its self-supported mesoporous structures, mesoporous Cu
film is a good candidate for the direct detection of glucose to
satisfy the requirements of diverse applications by maximiz-
ing the sensitivity and achieving favorable selectivity. A
highly improved activity and selectivity toward the glucose
detection was realized by using the nanoporous Cu film,
indicating an attractive application for the daily use. The
details are given in Figure S12 and Table S1.
In summary, we have, for the first time, demonstrated the
preparation of large-scale mesoporous Cu films based on
a novel and simple approach to precisely balance the growth
manner of the Cu frameworks and the micelle structures
regardless the substrate variations. The present success not
only indicates the capability of creating mesoporous struc-
tures with highly crystalized metals, but also paves a new way
for preparation of porous Earth-abundant metals for diverse
applications and at low cost.
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